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Successful fisheries management is underpinned by an understanding of the processes that underlie the population dynamics of
exploited stocks. This study considered the effects of experimental harvesting on recruitment of Mytilus galloprovincialis along the
west coast of South Africa, where harvesting of this alien species is being contemplated. In particular, the role of settlement habitat
availability in the form of adult mussels was analysed. To track the effects of a spectrum of harvesting intensities, five treatments
were implemented: F=0 (i.e. a control), F=0.3, F=0.6, F=0.9 and F=1. At these harvesting intensities 0%, 30%, 60%, 90% or
100% of mussel biomass was removed respectively at the outset of the experiment. A significant negative exponential relationship
( pb0.01) was found between M. galloprovincialis recruit density and harvesting intensity, with intensities greater than F=0.3
dramatically reducing recruitment. This pattern was recorded throughout the intertidal zone and remained temporally constant over
2 years. Significant positive linear relationships ( pb0.01) between recruit density and adult mussel biomass or density indicate a
strong correlation between availability of settlement habitat and recruitment. It is likely that the high recruit density recorded at low
harvesting intensities (2000–20000 per 0.01 m2) exceeds the level required for population maintenance. However, if settlement
habitat is eliminated or significantly reduced, as was achieved by F=0.3 or above, recruitment may become limiting. Thus, to
protect stock replenishment, harvesting of M. galloprovincialis in this region should take place at intensities less than F=0.3.
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The role of biological processes such as competition,
grazing and predation in the population dynamics of
marine organisms are well acknowledged (Dayton,
1971; Menge and Sutherland, 1976; Underwood,⁎ Corresponding author. Marine Biology Research Institute, Zool-
ogy Department, University of Cape Town, Private Bag X03,
Rondebosch, 7701, South Africa. Tel.: +27 21 650 3610; fax: +27
21 650 3301.
E-mail address: trobins@botzoo.uct.ac.za (T.B. Robinson).
0022-0981/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jembe.2006.12.0191978; Connell, 1983; Branch, 1984; Ortega, 1985;
Menge and Sutherland, 1986). More recently, the
importance of recruitment in the maintenance of marine
populations has also been highlighted and the concept of
‘supply side ecology’ has been used to explain the
strong connection between the temporal and spatial
distribution and supply of propagules and the distribu-
tion and abundance of adult populations (Roberts et al.,
1991; Gaines and Bertness, 1992, 1993; Alexander and
Roughgarden, 1996; Connolly and Roughgarden,
1999). The transition of propagules from the plankton
through to the adult population is controlled by two
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permanent attachment of larvae to the substratum
(Keough and Downes, 1982), and recruitment, which
is the survival of those settlers and the process of their
successful colonisation (Seed and Suchanek, 1992).
Settlement distribution and success may be affected by
biological factors such as reproductive output of adult
populations (Rodriguez et al., 1993), larval behaviour
(Raimondi, 1991) and the presence of conspecifics
(Nielsen and Franz, 1995), but are also influenced by
physical factors such as shoreline configuration, current
speed (Archambault and Bourget, 1999), local hydro-
dynamics (Grizzle et al., 1996; Hancock and Petraitis,
2001), rock surface texture and chemistry (Hunt and
Scheibling, 1997), wind (Bertness et al., 1996; McQuaid
and Phillips, 2000) and temperature (Kingsford, 1990).
As settlement precedes recruitment, settlement distribu-
tion may be mirrored in recruitment patterns, but spatial
variability in post-settlement mortality may equally
negate any correlation (Jenkins et al., 2000).
Previous work considering spatial and temporal
variability of recruitment of mussels along South
African shores at a coastal scale has shown that the
relatively high mussel densities on the west coast
support correspondingly elevated densities of recruits
when compared to the rest of the coast (Harris et al.,
1998). This may be indicative of a density-dependent
relationship between recruits and adult mussels or
supply-side recruit limitation (Harris et al., 1998). This
relationship between adult populations and future
recruitment into those populations becomes particularly
significant when considering exploited stocks (Fair-
weather, 1991). Combined with insight into recruitment
variability, an understanding of stock–recruit relation-
ships can aid the prediction of future recruitment
strength, based on known exploitation levels and stock
surveys (Underwood and Fairweather, 1989; Fogarty
et al., 1991). On a practical level, successful manage-
ment of harvested populations is underpinned by an
understanding of temporal and spatial variability of
population structure (Harris et al., 1998). However, most
fisheries have been established prior to comprehensive
assessments of the virgin stocks, with the effects of
exploitation on recruitment usually measured only well
after stock depletion. This study considers the effects of
experimental harvesting on the recruitment of Mytilus
galloprovincialis, which has become an established
alien invasive on the coast of South Africa since its
introduction in the 1970s (Robinson et al., 2005). This
study is unusual in that it took place prior to commercial
exploitation, and thus contributed to the determination
of optimal harvesting levels.Assuming the presence of a stock–recruit relationship,
the exploitation of adults within a benthic population has
the potential to affect recruitment via three mechanisms:
firstly by reducing the supply of spat (Harris et al., 1998),
secondly through alteration of settlement-habitat avail-
ability and suitability (Osman and Whitlatch, 1995a,b)
and lastly via affects on the survival of recruits (Alverado
and Castilla, 1996). As M. galloprovincialis supports
wide-spread and substantial stocks along the South
African west coast (Van Erkom Schurink and Griffiths,
1990; Robinson et al., 2005), and is known to have
widely dispersing larvae (McQuaid and Phillips, 2000), it
is considered unlikely that harvesting on an experimental
scale could affect recruitment by limiting the supply of
spat. As this study was conducted at a scale of meters, it
offered an opportunity to consider the effects of habitat
and the physical presence of adult mussels on the
recruitment process, in the absence of any complicating
effect that manipulation of adult stocks might have on
larval supply.
We hypothesised that increased harvesting intensity
would result in a correlated decrease in recruitment by
reducing the availability of substratum suitable for
recruitment. This may occur directly because the removal
of mussels results in a loss of shell surface area and byssal
threads, which are commonly used as settlement sites by
recruits (Ceccherelli and Rossi, 1984), or indirectly be-
cause harvesting opens up the mussel bed, thus resulting
in a loss of shingle (i.e. sand and empty shells), another
common recruitment substratum forM. galloprovincialis
(Caceres-Martinez et al., 1993, 1994).
2. Methods
2.1. Study site
The studywas conducted at Point Break (29°48.663′S;
17°04.461′E), on the west coast of South African west
coast. This site constitutes a rocky outcrop which slopes
gently towards the low-shore and is bordered by subtidal
kelp beds dominated by Laminaria pallida and Ecklonia
maxima. The high-shore was characterised by the limpet
Scutellastra granularis and small multilayered clumps
of M. galloprovincialis, while the mid-shore was
dominated by a matrix of algae and single-layered
M. galloprovincialis beds. The low-shore supported
dense multilayeredM. galloprovincialis beds.
2.2. Recruitment intensity
The recruitment intensity of M. galloprovincialis in
relation to harvesting intensity was measured in three
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mid mussel zone (i.e. Midtide — MLWN) and low
mussel zone (i.e. MLWN — MLWS). To track the
effects of a spectrum of harvesting intensities onFig. 1. The mean (+SE) biomass and density of adult mussels per 0.01 m2 of m
and (c) low mussel zones in 2004 and 2005 respectively. Circles indicate harve
and density compared to the control (multiple comparisons post hoc test, pbrecruitment, five treatments were implemented in each
zone: F=0 (i.e. a control), F=0.3, F=0.6, F=0.9 and
F=1, i.e. fishing intensities at which 0%, 30%, 60%,
90% and 100% of the mussel biomass was removed atussel bed subjected to various harvesting intensities in (a) high (b) mid
sting intensities that resulted in a significant reduction in adult biomass
0.05).
Fig. 2. Density of Mytilus galloprovincialis recruits per 0.01 m2 of mussel bed in (a) high (b) mid and (c) low mussel zones in relation to various
harvesting intensities in 2004 and 2005. Numerical values of data points that were off the scale of the y-axis are given next to the data points. Lines
connect intensities between which recruit densities showed no significant differences (Kruskal–Wallis ANOVA, pb0.05). F=0 in the high-shore in
2004 was excluded from the regression analysis.
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Table 1
Results of linear regression analyses on the relationship between
recruit density and adult biomass and density in 2004 and 2005 in the
(a) high-shore, (b) mid-shore and (c) low-shore zones
Regression equation r2 p-level
(a) High mussel zone
2004 Adult biomass y=−1254.5+35.7x 0.727 pb0.01
Adult density y=606.1+332.9x 0.403 pb0.01
2005 Adult biomass y=38611.8–0.2x 0.005 ns
Adult density y=368.1–1.4x 0.002 ns
(b) Mid mussel zone
2004 Adult biomass y=−1473.5+49.2x 0.333 pb0.01
Adult density y=−966.4+728.2x 0.333 pb0.01
2005 Adult biomass y=626.7+5.9x 0.087 pb0.01
Adult density y=1057.9+62.4x 0.043 ns
(c) Low mussel zone
2004 Adult biomass y=−767.1+26.3x 0.173 pb0.01
Adult density y=−1757.8+587.9x 0.234 pb0.01
2005 Adult biomass y=−782.1+16.82x 0.521 pb0.01
Adult density y=−845.45+332.8x 0.550 pb0.01
ns = not significant ( pN0.05). n=45 in all cases.
Table 2
Results of ANCOVA comparing the slopes of the linear regressions
between recruit density and adult mussel biomass or adult mussel
density in 2004 and 2005 in the (a) high-shore, (b) mid-shore and
(c) low-shore zones
F-ratio dfpooled p-level
(a) High mussel zone
Adult biomass 127.35 86 pb0.01
Adult density 19.89 86 pb0.01
(b) Mid mussel zone
Adult biomass 25.55 86 pb0.01
Adult density 16.79 86 pb0.01
(c) Low mussel zone
Adult biomass 77.67 86 pb0.01
Adult density 35.24 86 pb0.01
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of each treatment were randomly placed in each zone
within a 15 m stretch of mussel bed. Removal of the
mussels was done by hand and screwdrivers. While
mussels larger than 50 mm were targeted, all mussels
dislodged from the rocks in the process were removed.
Treatment plots were permanently marked with marine
epoxy. Harvesting to establish the desired treatments
occurred on a single tide at the end of February, just prior
to the major spawning season of M. galloprovincialis,
which normally occurs in March to May along the South
African west coast (Van Erkom Schurink and Griffiths,
1990; G.M. Branch unpubl. data). The treatments were
left untouched for the duration of the spawning season
and recruitment samples were collected at the end of
April. These samples consisted of three randomly
positioned replicate 0.01 m2 quadrats within each
treatment plot, thus generating nine recruitment samples
for each treatment in each mussel zone. Each sample was
collected by scraping off all biota, and the total sample
wet-weighed and then sorted into four major compo-
nents: mussels, associated fauna, algae and shingle.
Once separated out, M. galloprovincialis individuals
were grouped as adult mussels (N10 mm), post-recruits
(2–10 mm) and recruits (b2 mm), using an ocular
micrometer. Adults and post-recruits were counted and
weighed to the nearest 0.01 g, while recruits were
counted only as their mass contributed so little to the
overall biomass. The associated fauna, algae and shingle
components were weighed to the nearest gram. Theexperiment was first conducted in 2004, at which time
exceptionally high mussel recruitment was recorded
along the west coast (pers. obs. and G.M. Branch
unpubl. data). The experiment was repeated in 2005,
thus offering a measure of inter-annual variability of
M. galloprovincialis recruitment along this coast.
2.3. Statistical analyses
Prior to univariate analyses, data were checked for
normality using the Kolmogorov–Smirnov one-sample
test, and for homogeneity of variances using Levene's
test (Zar, 1999).
As normality could not be achieved through
transformation of the data, nested analyses could not
be performed. Thus, mean values from each of the three
0.01 m2 quadrats within in each treatment were used as
replicate measures, and were compared between treat-
ments using Kruskal–Wallis ANOVA, followed by
nonparametric multiple comparisons to test for differ-
ences in the density of recruits and the density and
biomass of adults among treatments. Kruskal–Wallis
ANOVAs were also used to compare recruit density
among mussels zones but within treatments. Recruit
densities were then regressed against harvesting inten-
sity, and ANCOVA was used to compare the slopes of
the regressions between mussel zones in 2004 and 2005
(Zar, 1999). Additionally, recruit densities were
regressed against adult mussel biomass and adult mussel
density, all expressed per 0.01 m2 of mussel bed. The
slopes of the latter two regressions were compared
between 2004 and 2005 within each tidal zone using
ANCOVA (Zar, 1999).
The mass of shingle supported in the various treat-
ments was compared using a Kruskal–Wallis ANOVA.
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used to detect differences between treatments. Recruit
density was then regressed against shingle mass perFig. 3. Density ofMytilus galloprovincialis recruits per 0.01 m2 of mussel bed
biomass and density.○ and●; represent recruit densities in 2004 and 2005 re
given next to those points. n=45 in all cases.0.01 m2 and the slopes of these regressions were
compared between 2004 and 2005 using ANCOVA
(Zar, 1999).in (a) high (b) mid and (c) low mussel zones in relation to adult mussel
spectively. Numerical values of data points off the scale of the y-axis are
Fig. 4. The mean (+SE) weight of shingle recorded per 0.01 m2 of
mussel bed subjected to various harvesting intensities in (a) high
(b) mid and (c) low mussel zones in 2004 and 2005. Circles indicate
harvesting intensities that resulted in a significant reduction in shingle
compared to the control (multiple comparisons post hoc test, pb0.05).
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Overall, adult biomass was reduced roughly propor-
tionally to the intensity of harvesting (Fig. 1). Harvest-
ing at intensities of F=0.3 and F=0.6 resulted in no
significant change in either adult biomass or density
relative to the controls, but intensities of F=0.9 and
F=1.0 significantly decreased both adult biomass and
density in most instances (Kruskal–Wallis ANOVA,
pb0.01; Fig. 1).
In both 2004 and 2005 recruit density showed no
significant difference between mussel zones within the
controls or any of the harvesting treatments (Kruskal–
Wallis ANOVA, pN0.05) but recruit densities were
dramatically lower in 2005 than in 2004. This decline
was most pronounced in the mid mussel zone where the
density of recruits in control samples decreased from
23685 per 0.01 m2 (8995 SE) in 2004 to 7475 per
0.01 m2 (1678 SE) in 2005. In all three zones, the
density of recruits was affected by harvesting, with
recruitment exhibiting a significant negative exponential
relationship with harvesting intensity (Fig. 2). This
relationship explained between 50 % and 90 % of the
variance observed in recruit density. In the high zone,
very low recruitment was recorded in the control in
2004, which was not in keeping with the pattern
observed in this zone in 2005 or in the other zones in
both 2004 and 2005. As a result, the control samples
were excluded from the 2004 regression in this zone
(a significant negative exponential relationship still
existed if these samples were included, although the
correlation was weaker). Comparisons of the slopes of
the above regressions between mussel zones showed a
significant difference among zones in 2005 (ANCOVA,
pb0.01), but not in 2004 (ANCOVA, pN0.05) when
recruitment was high. Regardless of temporal changes,
harvesting significantly influenced recruitment (Krus-
kal–Wallis ANOVA, pb0.01). At intensities of F=0.9
and F=1.0 recruitment was significantly lower than in
the other treatments (Fig. 2).
When recruit density was regressed against adult
mussel biomass and density, significant linear relation-
ships were found in all three zones (Table 1). In all cases
the slopes of the regressions differed significantly
between 2004 and 2005 (ANCOVA, pb0.01; Table 2).
In all three tidal zones the elevated recruitment recorded
in 2004 showed a strong positive relationship with adult
biomass and density (Fig. 3). However, under condi-
tions of lower recruitment in 2005 the effect of adult
biomass and density on recruitment weakened consid-
erably in the mid and high zones, to a point of non-
significance in the high mussel zone (Table 1).The amount of shingle in samples differed signifi-
cantly between and among treatments in all tidal zones
(Kruskal–Wallis ANOVA, pb0.01) but was roughly
inversely proportional to harvesting intensity (Fig. 4). In
the high and mid zones, control samples had 67–41 g
per 0.01 m2 and 165–194 g per 0.01 m2 of shingle
respectively. In these zones only harvesting intensities
of F=0.9 and F=1.0 resulted in significantly less
Table 3
Results of linear regression analyses on the relationship between
recruit density and shingle mass under conditions of high and low
recruitment in the (a) high, (b) mid and (c) low mussel zones
2
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mussel zone harvesting at F=0.6 also had this effect.
This pattern was temporally consistent in both years. In
the high zone, recruit density showed a significant linearRegression equation r p-level
(a) High-shore
2004 y=1199.6+35.7x 0.476 pb0.01
2005 y=355.8–0.1x 0.0003 ns
(b) Mid-shore
2004 y=1347.1+118.3x 0.493 pb0.01
2005 y=1027.9+13.5x 0.113 pb0.05
(c) Low-shore
2004 y=401.9+38.7x 0.406 pb0.01
2005 y=1627.7+13.13x 0.342 pb0.01
ns = not significant ( pN0.05). n=45 in all cases.
Fig. 5. Density of Mytilus galloprovincialis recruits per 0.01 m2 of
mussel bed in (a) high (b) mid and (c) low mussel zones in relation to
shingle mass. ○ and ● represent recruit densities in 2004 and 2005.
Numerical values of data points off the scale of the y-axis are given.
n=45 in all cases.relationship when regressed against shingle mass in
2004 but not in 2005 (Fig. 5; Table 3). In the mid and
low zones recruitment was significantly and positively
related to shingle mass in both years (Fig. 5). However,
in 2004 under conditions of high recruitment, the
variation in recruit density explained by this relationship
was 49% and 41% in the mid and low mussel zones
respectively, whereas only 11% and 34% of the variance
was explained by the model in 2005, when recruitment
was lower (Table 3).
4. Discussion
Understanding the processes that underlie the
population dynamics of exploited stocks is fundamental
to effective fisheries management (Fairweather, 1991;
Lipcius and Stockhausen, 2002). As such, the role of
recruitment in population maintenance has received
substantial attention (Fogarty et al., 1991; Olafsson
et al., 1994; Booth and Brosnan, 1995) and in particular
the recruitment of harvested species has been considered
in relation to exploitation (Chicharo and Chicharo,
2001; Lipcius and Stockhausen, 2002; Guay and
Himmelman, 2004). Despite this, very few studies
have been able to directly contrast recruitment across a
range of utilisation intensities, although many have
shown extremely low recruitment in situations of
intense exploitation, inferring a general pattern of
decreased recruitment with increasing extraction. We
recorded a very clear trend demonstrating this across a
range of harvesting pressures (Fig. 2). The relationship
between M. galloprovincialis recruit density and
harvesting intensity followed a negative exponential
curve, with intensities of F=0.9 and F=1.0 resulting in
significantly reduced recruitment compared to controls.
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pattern remained temporally constant. Although it is
notable that an effect was only significant at such high
exploitation levels, it is important to note that even a
harvesting intensity of F=0.3 results in a reduction of
recruit density of up to 50%. As recruitment of mussels
is known to be dynamic and highly variable both
temporally and spatially (Lawrie and McQuaid, 2001;
McQuaid and Lawrie, 2005) a conservative approach
appears necessary and it is suggested that harvesting be
maintained at or below F=0.3 in order to maintain stock
replenishment.
One factor known to affect recruitment of
M. galloprovincialis is wave action, with peak settle-
ment at strong wave action, declining towards both
extremes of the wave action spectrum (Branch and
Steffani, 2004). The present study was, however, highly
unlikely to have been influenced by wave action, as the
experiment was conducted in a small area of shore with
a uniform and homogeneous slope. Moreover, the rep-
licate plots were positioned randomly within the area.
Besides effects that operate on a regional scale, local
reproductive output of many widely dispersing benthic
invertebrates plays little or no role in maintaining local
population size, as recruitment from other sources
provides the major source of new individuals in species
with larval dispersal (Caley et al., 1996; Hughes et al.,
2000). However, the physical presence of conspecifics
has been shown to play an important role during the
recruitment process of a number of mussel species and in
particular M. galloprovincialis (Ceccherelli and Rossi,
1984; Caceres-Martinez et al., 1994). Our results accord
with these findings, as reductions in both adult biomass
and density by harvesting intensities of F=0.9 and above
resulted in significantly lower recruitment and a
significant linear trend of decreased recruit density with
decreased adult biomass and abundance was demonstrat-
ed under most circumstances. The reasons for this are
most likely the loss of adult shells and byssal threads,
which are known to serve as favoured settlement
substrata by this species (Caceres-Martinez et al., 1993,
1994). However, besides preferentially settling onto adult
mussel beds, juvenile M. galloprovincialis also colonise
shingle trapped in mussel beds (Caceres-Martinez et al.,
1994). In this study shingle weight was correlated with
recruit density. Thus, the loss of this abiotic component at
high levels of harvesting effort (Fig. 4) may have acted
synergistically with the reduction of adult mussels to
produce the observed decrease in recruitment.
Harvesting of mussels has the potential to negatively
affect recruitment by reducing the supply of spat (Harris
et al., 1998), through modification of habitat availabilityand suitability (Osman and Whitlatch, 1995a,b) and by
affecting the survival of recruits (Alverado and Castilla,
1996). In the context of harvesting M. galloprovincialis
along the South African west coast, it is unlikely that
localised harvesting will significantly reduce spat
supply to exploited areas, as this species has widely
dispersing larvae (McQuaid and Phillips, 2000). How-
ever, it is interesting that under very high recruitment
such as in 2004, zonation had no significant effect on
recruit density, whereas under conditions of lower
recruitment such as in 2005, recruits become concen-
trated in the low mussel zone. This has important
implications for exploitation as stock replenishment in
the high and mid mussel zones may be diminished in
comparison to the low shore in years of lower recruit-
ment. Additionally, we demonstrated that harvesting at
intensities of F=0.9 and above significantly reduces
recruit densities, and even intensities as low as F=0.3
can dramatically reduce recruitment. Previous work on
South African shores has demonstrated that intraspecific
competition in the form of self-thinning is important in
controlling mussel populations and only rarely are adult
stocks limited by predation (Griffiths and Hockey,
1987). It is thus likely that the high recruit density
recorded at low harvesting intensities (2000–20000 per
0.01 m2) exceeds the level required for population main-
tenance. However, if habitat is eliminated or significantly
reduced, as is achieved by intense harvesting, recruitment
may become limiting. Thus, to protect stock replenish-
ment, harvesting should always take place at an intensity
of less than or equal to F=0.3. Interestingly, this
harvesting level is similar to that recommended by Harris
et al. (2003) (i.e. F=0.4) for the exploitation of the
indigenous mussel Perna perna along the South African
east coast. The observed decrease in recruit density at
high intensity harvesting is probably due to habitat
alteration in the form of loss of adult mussel beds and the
shingle commonly contained within them. It is, however,
not possible to distinguish whether harvesting reduced
recruitment because of reduced suitability of settlement
substrata, or decreased survival of recruits.
The desire to protect stocks of an alien species such as
M. galloprovincialis from over exploitation may at first
seem unfounded, if not opposed to conservation efforts to
eradicate invasive species. The situation along the South
African west coast is, however, unusual in a number
ways. Firstly, this mussel is the most pervasive marine
alien species along South African shores, dominating the
west coast rocky intertidal since the early 1980s
(Robinson et al., 2005). As such it would be virtually
impossible to eliminate. Secondly, this resource is
concentrated in an area where coastal communities are
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Thus, the potential exists to match a presently unhar-
vested resource to the economic development which the
establishment of a new fishery could bring to the area.
Additionally, the South African mussel aquaculture is
based on M. galloprovincialis which settles onto farm
ropes from wild stocks and any significant reduction spat
supply may jeopardise this important industry.
5. Conclusion
As mussels are widely distributed during their
dispersal phase, at least at a scale of hundreds of meters,
stocks are likely to function as open populations. As
such, the reproductive contribution of local individuals is
unlikely to be important in the maintenance of local
populations, and the supply of larvae from elsewhere is
vital. This study has demonstrated, however, that super-
imposed on this, habitat becomes important in offering a
suitable recruitment substratum. In view of the above, a
number of steps can be taken to conserve recruitment of
M. galloprovincialis under conditions of exploitation.
Firstly, a shore-length of 100 m per 1 km of rocky shore
should be protected from harvesting in order to prevent
spat supply to harvested areas becoming a limiting factor.
This area should be set and should remain the same from
year to year so as to protect pristine stocks in these areas
and provide ongoing baseline control data. Secondly, to
protect the integrity of mussels beds and thus maintain
habitat suitability for recruits, harvesting should take the
form of removing individual mussels and not the
stripping of whole mussel beds, and should only be
undertaken at intensities below or equal to F=0.3.
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